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I. INTRODUCTION 



The observation of the conductance quantization |TJ more than a decade brought new 
attention to Landauer's formula [f| for the conductance of single-channel one-dimensional 
electronic systems and to its multichannel version derived in Ref. [|3| from arguments similar 
to those used by Landauer. The single-channel formula |4]] and a modified version of it || 
have been derived from linear-response theory. Slight variations between different results 
were a source of discussion || and crucial importance was given to the conditions of mea- 
surement. It was established that four- probe measurements do not give the same answer as 
the two-probe ones |7|]. For a review of the subject we refer the reader to Refs. [0] and 

The conductance has also been studied in the presence of a magnetic field. The two- 
probe formula and its generalization have been found to hold. It was derived again using 
linear-response theory ||. The Onsager's relation, relating the symmetry of the conduc- 
tance upon changing the direction of the magnetic field, was verified. For the four-probe 
measurement it was realized |L0| and confirmed theoretically [[□]] and experimentally [12| 
that the conductance can be asymmetric under reversal of the magnetic field. 

As noted by the authors of Ref. || their multichannel formula does not reduce, for 
uncoupled channels, to that of Ref. ||. This drawback results from their assumption that all 
channels originating from the reservoirs have the same electrochemical potential regardless 
of their velocities. In a recent Ph. D. thesis, Ref. |13|], completed under the direction of one 



of us (CMVV), a multichannel formula, free from this drawback, has been derived for zero 
magnetic field. 



In this work, following Ref. |13| , we derive a rigorous multichannel conductance formula 
in the presence of a magnetic field from a revised linear-response theory. As in almost all 
works of the literature, it is valid for elastic scattering, i.e., in mesoscopic conductors. The 
formulation shows explicitly the cancellation in the product of the velocity with the quasi- 
one-dimensional density of states in the current carried by a channel or mode and therefore 
reflects some of the intuition of the original work [pi. The formula is made very explicit for 
parabolically confined quasi-one-dimensional channels. This type of confinement allows us to 
easily include the Hall field which simulates the electron-electron interaction in a mean-field 
|I4| . We also consider the case of tilted magnetic fields. 



sense 



In Sec. II we present a general formula for the conductivity and give the related one- 
electron characteristics. In Sec. Ill we evaluate the conductance using a scattering formu- 
lation and present various limits. Finally in Sec. IV we present a discussion of the results. 



II. EXPRESSION FOR THE CONDUCTIVITY 

A. New linear-response expressions 

In order to explain our approach we first present some general results, in line with 
those from Refs. [|13[] and fL5| |, which will be used to derive a general expression for the 



magnetoconductance. The model of the conductor or sample we use is illustrated in Fig. 1. 
It consists of two perfect leads (reservoirs) with random scattering centers in the middle. The 
longitudinal electric field representing the potential difference is applied in the inhomogenous 
part. A magnetic field B is applied along the z axis (B = —Bz). 
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The many-body Hamiltonian that enters von Neuman's equation is 



H tot (t) = H + W(t) + H I , (1) 

where H 1 represents the scattering or perturbation and W(t) the external force. The free- 
electron part H will be specified later for the geometry of Fig. 1. For elastic scattering 
the equation for the many-body density operator can be transformed to a similar one for 
the one-body density operator p(t). The latter is the sum of the unperturbed, Fermi-Dirac 
operator f{h) and of the perturbation operator p(t), i.e., pit) = f(h) + pit). For linear 
responses and with the initial condition p(0) = the equation for pit) reads 

(dp(t)/dt)+i£p(t) = -(i/h)[w(t)J(h)], (2) 

where £• = (l/h)[h(t), •] and • stands for an arbitrary one-body operator. The solution is 
found using the resolvent of C, i.e., the Laplace transform of Eq. @. In the Laplace domain 
Eq. (|2|) reads 

p(s) = ~-^Hs),f(h)] (3) 
ri s + iC 

In a representation in which H is diagonal so is its one-body counterpart h . In this 
representation the operator p has a diagonal ipd) and a nondiagonal (p n d) part, p = pd + pnd- 
Substituting this in Eq. (3) and acting on it with diagonal (V) and nondiagonal (1 — V) 
projection superoperators leads to two coupled equations, one for p d and one for p nd . The 
steady state solution of these equations is represented by the limit t — *■ oo. In Laplace 
domain this is equivalent to the limit s — > 0+. 

The result obtained for the diagonal part pd of the density operator, the only one perti- 
nent to the conductance, is 

p d = ~A- l rY^[w J{h)UmM- (4) 

a/3 

Here A and T are superoperators associated with the transitions caused by the perturbation 
h 1 . They are given by A = V&W/iiC + and T = V [1 - + 0+)]/: 1 ] with 

C and C 1 defined by £• = [H, •]/h and £}• = [V,»]/h. A is the one-particle scattering 
operator. The one-body analog w of W is related to the electric field by eE(r) = — Vw(r). 
Further, are the eigenstates of h = h + h 1 , i.e., h\ipi) = E^i). The operator Y doesn't 
affect the sum and the number [w, f(h) ] Q/ g. Using the relation r|^Q,)(^g| = \{p a )({pp\5 a i3, 
where \ip a ) is the eigenstate of h and 

{1>a\[w,f{hWp) = " /(£a) / dv'E{v')^ a \ 3 {v'Mp), (5) 



C/3 _ £a J Vo 

with f(h)ipi = f(ei), we have 



(Ve\pd\^) = ~^2(ve\A Va) 5 /37/'( e «)^/3 / dr '(i , a\j(?')\^i3)E{Y') ) (6) 



a/3 

where Vq is the volume. The current density is 
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J(r) = Tr{j{v)p d ) = ^(tpM^MMPdM- (7) 

Substituting Eq. (|G|) into Eq. (7) and comparing the result with the general expression 

J(r) = f drV(r, r')^(r') (8) 
we find the following expression for the conductivity 

<7(r,r') =a d (r, r') ^ -^jA^iM^Mfi^^lK^y), (9) 

where the left-right arrow indicates that cr(r, r') is a tensor. The conductance G is given by 

G = J J dA.a d (r,r').dA' (10) 
where A and A' are two suitably chosen surfaces. 



B. One-electron characteristics 

Eigenf unctions and eigenvalues. We consider an electron gas which interacts only with 
impurities. As shown in Fig. 1, a magnetic field ~B=—Bz is applied along the z axis. When 
an electric field E x is applied the resulting Hall field E± is opposite to the y axis. We 
consider a parabolic confining potential along the y axis, V y = mQ 2 y 2 /2 and use the vector 



potential A = Byx. Including the field E± [16] in the one-electron hamiltonian h gives 



We attempt a solution of Eq. dTT|) in the form <p(x,y) = x(y) exp(ik x x) and introduce 
the variable £ = hk x /qB + qE±/mu) 2 , where co> c = qB/m is the cyclotron frequency. Using 
wfi = u; 2 + f2 2 , h {p(x, y) = e<p(x, y) and completing the square we can rewrite Eq. ( |TT| ) as 



^fe-|« 2 -^"W-^W, (12) 

where £ = e-E(k). With C = [y-(o; 2 /a;|)£](ma;T//i) 1/2 the solution of Eq. flTJ) is Xn(() = 
e -C / 2 H n (Q, where H n (Q are the Hermite polynomials. The corresponding eigenvalues 
e = E + £7(A;) = e(A; :r , n) are given by 

e(ife x ,7i) = (n + l/2)hwr + (h 2 ^ 2 - 2io c hk x qE ± - q 2 E 2 ± )/2muj 2 ,, (13) 

where n is the Landau level index. From this expression we obtain the velocity v = Vke(k)/^ 
along the direction of propagation. The result is 

v x = (hk x Q 2 — uJ c qE j_) jmijj\. (14) 



4 



Current density. The current density operator is expressed in terms of the one-particle 



eigenfunctions in matrix form. From quantum field theory [15| j = (h/i) J \l/*v\l/ d 3 r we 
obtain 



J Pa 



2m 



^(V^ Q ) - (V^)^J - —A(p* (p a ; (15) 

777 



the term in the square brackets represents the standard ponderomotive or diffusion current 
and the term oc A a deflection due to the magnetic field. We rewrite Eq. (|15|) in terms of 
the gauge-invariant derivative D = V — iqA/m in the form (/ D g = fVg — <?V*/) 

— iqh «-* 

J/9« = D <Pa- (16) 

The current density in the x direction depends on the y coordinate. It vanishes along the y 
direction due to the parabolic potential confinement. 

Equation fllE| ) leads to some useful properties of the current density expressed in terms 
of the relevant eigenvalues. For different eigenvalues one has 

Vj^ = -|(e a - ep)<p a (p* . (17) 

On the other hand, for eigenfunctions of the same energy the following properties hold 

dy <P*±p(D -x)^ ±Q = — — 5 a p, ep = e a , (18) 

J d y V* T p(D -x)^ ±Q = 0, e p = E a , (19) 

if the current flux is normalized instead of the eigenfunctions as shown in Ref. ||. The new 
normalized eigenfunction is 

V±,a = e ± ^ X Xn a ,± k Jy)/j0~a, (20) 

the normalization (/ x 2 dy = 1) constant 9 has the units of velocity; it is given by 
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±a 



h\k a \Q 2 =1= quJ c E± jmuj\ = v± a (21) 



Notice the difference between v± a , always positive, cf. Eq. (13), and the velocity given by 
Eq. (14). 

Conductivity. In terms of the eigenfunctions of Eq. (12) the conductivity reads 



a d (r,v')^-jf(E p )a £ d P (r,r')dE p , (22) 

where 

?J (r,r') = £<f(ep - e s ) (A^W) j(r') SS . (23) 
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Here f'(e s ) is the derivative of the Fermi-Dirac function, s = {n, k x }, ip s are the unperturbed 
states, and ips the scattering states. We have also used the notation (if s \X\cp s i) = X ss > and 
(ips\X\ips') — Xss> for the matrix elements of X. The Dirac 5 function is rewritten in terms 
of k x using the property 5(g(k x )) = J2i$(k x — k x .)/\g'(k x .)\, where g' is the derivative of 
g{k x ) and k n ± are the roots of g{k x ) = written explicitly as 



[h 2 n 2 k 2 x - 2oj c hqE±k x - q 2 E 2 ± ]/2muj^ + (n + l/2)%u T - e P 



0. 



(24) 



The roots k n ± of this quadratic equation are of the form k n ± = \—b ± {b 2 — 4ac) 1 / 2 ]/2a. 
They are real-and opposite to each other-if c is negative. If this condition holds the 
wave functions can propagate in different channels. For complex roots, the wave func- 
tions have negative exponentials and their amplitude decreases with propagation. These 
two roots are opposite to each other if c is negative. The propagation modes depend on 
confinement, magnetic field, Landau-level index, and electric field. For a given energy, 
g'(k n ±) = {Ti Vt 2 k n ± — co c hqE±) jm<jj\ and the replacement of the sum over k x by an integral, 
J2k m (L/2n) J^ L 2 /2 dk x , lead to 



a 



n 27r •>-# 



5{k x &n+) $\k x k n _ 



W(k + )\ 



\g'{k-)\ 



k-'jir)) j(r') ss 



— Y\M k + + M k 

' J \_ 1 run- 



(25) 



where 



1 



\g'{K±)\ 



3{r )s±s± 



s±s± 



(26) 



the notation s± or S± indicates that only the values k n ± are involved in the relevant X s 
or Xss' matrix element. 



III. NEW CONDUCTANCE EXPRESSIONS IN TERMS OF TRANSMISSION 

AND REFLECTION COEFFICIENTS 

A. Scattering formulation 

For clarity the two roots k n ± are assumed to be in opposite directions. This holds if ac 
is negative and it is the case when the Hall field is neglected. Then Eqs. ( |T0D and (23) give 

G(e P ) = ^-f:(N kn+ +N kn _) } (27) 

where 

= wbi / dA ' i{r ' )s ^ I dA ( A_1 ^ r »), ± , ± • < 28 ) 

We now proceed with the evaluation of these two integrals that are related to transmission 
and reflection coefficients. We can carry out the integrations by choosing two surfaces A 
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and A' in an asymptotic region. The choice of surface is arbitrary. It is not necessary to 
know the exact scattering states. It is sufficient to have their asymptotic expression in a 
region away from the scattering centers. The scattering states are represented by a linear 
combination of eigenf unctions of the unperturbed Hamiltonian. The results for the various 
regions are 

_ tp 

Vv = EC'00^n'+( r )> z>L s , (29) 

n> 

_ e P 

</W = ?W( r ) + E r nn'( e p)^n'-( r )> X < 0, (30) 

n> 

_ f p 

^n- = ^n-( r ) + E r nn'(e P )^n'+( r ) ; X > L a , (31) 

n> 

i = EC(*-W ( 32 ) 

n' 

Using the normalization of the flux the current density is 

j/ta = y/VpVaXljjp D lf) a , (33) 

where A = —iqh/2mL. Specifically for the different regions we have 

£p £p 

3i> n+ ( r ') = Xv n+ E E 3 x > L s , (34) 

n' n" 

-> £p «-» 

n> 

(Lp €p dp 

+ E r nn»K>+ D Tp n ,_ + E E r n>nn^l>- D </V_}, X < 0, (35) 

n" n' n" 

£ p _ 

^„_( r ') = Xv n-{<K- DTp n _ + Yl r nn>¥n'+ D <^ n »_ 

n> 

(Lp €p dp 

+ E r nn"K'- B yv + + E E r n>f„"K'+ B + re > L„ (36) 

^p 

(r') = \v n ^ E E ftC-K'-^-, * « 0- (37) 

n' n" 

Evaluation of the first integral. Using Eqs. flT8|) and (19) we obtain 

'j^Jr')dA'= q -^±f:\t L n J 2 , x»L s , (38) 



/ Hn+ {v')dA = ^±{1 - E \rL\ 2 } x « 0, (39) 

n' 

/ j^_(r')<L4' = -^{1 - £ l^'l 2 }, * » L s (40) 



»»• 



/ jfjw = E ICI 2 , * « o. (4i) 

n' 
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With flux conservation (1 = |r| 2 + |t| 2 ) we obtain the same result far away from each 
scattering region 



Jj(r% ±n± dA' = ± q -^Y.\t L n { f\ 2 



(42) 



Evaluation of the second integral. The second integral has the superoperator A. For 
elastic scattering it can be shown flTfl that A has an exact inverse with dimension of time 
(=energy/fr). We therefore write Aj(r)) ss = (l/r s )j ss which leads to (A _1 j(r)) ss = r s j ss and 



(Aj(r)) ss dA 



j ss dA } 



(43) 



where r s is a characteristic time qualified below. We deduce the value of r s as follows. Using 
Eqs. (18) and (36) we have 



At = / 3n±n±dA = ±(qv n ±/L). 



For the integral on the left-hand side of Eq. (f43"D, we use the result [JT3 



~ \ 27T 

A j( r )j , = -T 5 ( e P ~ e n')\T n ±n'±\ 2 (jn±n± ~ jn> 
/ n±n± fa 

n 



(44) 



(45) 



where T n ± n >± =< (p n ±\V\ip n i± > is the transition operator and V the scattering potential. 
With (A _1 j(r)) ss = r s j ss inspection of Eq. (f|5|) shows that t s is a characteristic time 
associated with the tunnel-scattering process. In the following though we will refer to it 
simply as the characteristic time. 

The Dirac 5 function is rewritten in terms of the longitudinal components of the wavevec- 
tor and of the two roots k±. Then replacing the sum over k x by an integral leads to 



(Aj(r)) 



T e P 

= -Y 

n±n± % *-f 



IT 



W(K> + )\ 



{jr. 



jn' + ) + 



IT 



rain' 



W(k' n >-)\ 



(jnn jn' — ) 



(46) 



Using Eqs. (47), (48), and (50) the characteristic time becomes 



IT 

J- 7 



n±n'- 



\g'{k' nl+ )\ 



it 



+ 



IT 



l ± 



0. 



\9^n'-)\ \ A 



(47) 



Using Eqs. 



and (|28|) we get 



_ <l_ V 2 n± T n± 



L 2 \g'(k n± ) 



(48) 
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B. Evaluation of the conductance 



Expression ofT sa t. With V = h — ho the matrix element T ss i =< (p s \V\ip s i > of the 
transition operator T, between a state (p s and a scattering state ip s r, becomes 



T ss , = e s > < ip s \(p s > > - < ip s \ (F |VV >; 



(49) 



We modify the second term on the right-hand side so that the Hamiltonian operates on the 
left element. In order to do so we recall the expression 



With that we obtain 

V *P x (P x tfj)dv= [(P 2 V *)tfjdv 



dx 



* d d , 

ox ox 



dv. 



If we combine these results with the Hamiltonian given by Eq. ([TT]) we obtain 



< ^ s |(F |Vv >) = (< <Ps\H \)ip a > > 



2m 



V(y?* V 4>)dv - I P x (<p*yiP)dv. 
m 



If we combine this result with Green's theorem, we obtain 



T ss / = (e s - e a i) < (p s \ip s > > + 



hr 
2m J a 



qB 



dA(<p* V W) + — / P x (ip* s yip s >)dv 



(50) 



(51) 



(52) 



(53) 



The first term is zero if the energies are the same. If so, the remaining terms can be 
simplified. The result can be written compactly as 



T ss , = — / dA-±(p* s (D)ip s >. 
2m J a 

Finally, if we write it in terms of the normalized flux, we obtain 



T ss i 



y/V s Vs> 

L 2m J a 



dA-x.<p* a (D)if>s 



(54) 



(55) 



T ss > in terms of transmission and reflection coefficients. To evaluate the term T n ± n / + , we 
use Eqs. ( p9|) and (|31|) together with Eqs. ([TSj) and (|l^). For x ^> L s we obtain 



ih L 

-T\J v n+V n i + t n , n) -7n_ n /. 



0. 



For i C the results are 

ih 



\J v n+ v n' + ^nn' j 



ih 

T 



\J v n-Vn>+ r n'n- 



(56) 



(57) 



To evaluate the term T n±n /_ we use Eqs. (|30| ) and ( p2|) together with Eqs. (|T8| ) and (|i~9|). 
For i > I. we obtain 
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ih R 

T n+n i- = — ^/v n+ v n i_r n , n) 



■ n—n'- 



- — y/V n -V n >-5„ 



and for x <C 



T 



ih 



0. 



(58) 



(59) 



Characteristic time in terms of transmission and reflection coefficients. With the form 
of T and the characteristic time given by Eq. P?|), the results for the various asymptotic 
regions are as follows. For x ^> L s we have l/r n _ = and l/r n+ ^ 0. For iCfl the results 
are l/r n+ = and l/r n _ ^ 0. These nonzero results are given by 



— = 7 1 [v n ±v n , + \t L SW - b ± )/\g>(k' n ,_ 

Tn± L n , 

+ v n ±v n >-\rffi\ 2 (l + b±)/\g'(k' n ,_)\ 



(60) 



here 6± = f3 n i±/(3 n and + (-) corresponds to t L ,r R (t R ,r L ). This is simplified by noticing 
that g'(k) = Vue(k) = tvv gives \g'(k n ±) \ = hv n ±. Then Eq. (|5"0|) takes the simpler form 



M L )\2( 



— = 7 t K ± i*n^i 2 (l - b±) + V n± KZ>\\l + & ± ) 



(61) 



We emphasize the importance of this result. To our knowledge, with the exception of Ref. 
13fl for B = 0, the transmission and reflection coefficients have not been associated with 



actual scattering time in the literature. Here, through a Master equation approach we have 
an explicit result, for finite B, relating these coefficients to the characteristic time. 
Expression for the conductance Using Eqs. (|4"8"D, ( |6"ID and (|I4]) we obtain 



N> 



q 2 v n ± 



where 



*M = l^| 2 (l - V+Mfct) + |r^ } | 2 (l + tV-K ± ). 
With current conservation J2 n ' (Knnf | 2 + l r ni' | 2 ) = 1> this becomes 



(62) 



(63) 



A'/ 



A* _L 



^Ei^iVfl + E^^n')], 

n' n' 



where 



(64) 



Kf>y) = (|r*,|V_ - 



(65) 



Equations (p7|) and (32) give the conductance as 



2 £p 



V \f L I 2 



V \t R I 2 



(66) 
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This new conductance expression is more general than the two-terminal expressions of 
the literature. This can be easily appreciated by realizing that it has the following interesting 
features. 

i) It is simplified considerably if we neglect the Hall field; then v n+ = t> n _ and the 
two terms in the square brackets become identical. The same holds in the absence of the 
magnetic field. Actually, for B = Eq. (66) takes the form of Eq. (4.184) of Ref. fli~3 



The only difference is that in Eq. (66) the transverse channels and confining potential are 
explicitly specified whereas in Ref. jnj they are not. 

ii) For uncoupled channels, i.e., for r nn / = r nn i5 nn i and t nn i = t nn >5 nn ', Eq. (64) gives the 
multichannel version of Landauer's result, for identical terminals, 

2 6p U 12 2 e P rp 

G^) = q jT,^ S = q jT,jf (67) 

To our knowledge this is the first expression that shows this expected ||, but absent from 
the literature, limit in the presence of a magnetic field. 

iii) It is interesting to contrast the B = limit of Eq. (66) with the B = result of Ref. 
0. In this case v n+ = v n _. Proceeding then as in Ref. we may replace l/v n / + oc r n by 
(1/iV) Z) n /(l/i> n ') an d make an average over the channels to obtain the result of Ref. ||, i.e., 

G(e P ) = \ £ ^ En(1 +f/! n T n)K ' (68) 

if we remember that R n = J2 n ' \ r nn'\ 2 and T n = J2 n ' l^w| 2 - Despite its approximate character 
the procedure indicates that Eq. (66) is more general than Eq. (68) even for B = 0. 

iv) For R « 1 and T < 1, Eq. (66) gives the standard @, g| result G{e) = (q 2 /h)Tr{tt*} 
if we assume a weak channel coupling such that v n > <t) n , n' < n. 

v) When the strength of the scattering is vanishingly small, we have r w and t ~ 1. As 
expected, in this case for identical terminals and v n i v n , n' < n, the conductance diverges, 
as realized in a four-terminal (two leads, two probes) experiment. 

iv) Finally, we notice that the expression contains the Hall field, through the factors v n ±, 



cf. Eq. (21), which accounts for the electron-electron interaction in the Hartree sense JT4 



C. Conductance in tilted magnetic fields 

Equation (66) is valid for a perpendicular magnetic field B parallel to the z axis. It is 
of interest to have an expression valid for tilted fields B but the solution of Schroedinger's 
equation becomes very unwieldy and, to our knowledge, can be obtained only numerically 
when B points in an arbitrary direction. However, in one particular case a simple analytic 
solution exists and leads to a generalization of the conductance (66). Below we briefly derive 
the relevant expression since we are not aware of any pertinent result in the literature. This 
is the case when the field B is in the (x,z) plane and has components B» along x and B± 
along z. The situation is described by the vector potential A = B±yx + B\\yz. Assuming 
an eigenfunction ip(x,y) = f(y)e lhxX the Hamiltonian gives 

f(y)-^f"(y) = ef(y) (69) 
2m 



2m 



y{uj ± %k x + qE A 



+ 2 m (^I + n V 
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With £ = (uj±hk x + qE±) /mug this equation is transformed to 

where u)|> = cu^ + fi 2 and u; 2 ^ = cu 2 -!-^. This is again an equation for a (displaced) harmonic 
oscillator. The corresponding eigenvalues e = e(k x ,n) are 

e (fc x , n) = {n + l/2)ftu) T - [h 2 k 2 x (Q 2 + wj) - 2qE ± u ± hk x - q 2 E 2 ± ] /2mu 2 T (71) 

As can be seen these results are similar to those obtained when the field B is parallel to 
the z axis. In fact, Eq. (13) can be obtained from Eq. (71) by setting Bn = which entails 
u 2 B = oj 2 . All the analysis of Sec. Ill can be repeated and the result for the conductance 
has the same form. The only thing that changes in Eq. (66) are the roots k n ±, cf. Eq. 
(26); they now involve Eq. (71) rather than Eq. (13). As a side remark we notice that in 
a longitudinal magnetic field, with B± = 0, we obtain formally the same result as in the 
absence of the magnetic field since the carriers are free in a parallel magnetic field. 



IV. DISCUSSION 

The expression for the conductance, given by Eq. (66), is very general and not limited 
to two identical terminals. We can interchange the indices R and T without changing 
the expression. This means that the conductance does not depend on the direction of the 
current. This and the various limits this expression reproduces show its generality. 

This result for the conductance, valid when a magnetic field is present, was not antic- 
ipated in Ref. Jl3|]. Since at first sight in a magnetic field the eigenf unctions along two 



opposite directions would be separated by a distance oc 2k x , it was thought that the expres- 
sion would change dramatically. As shown though, incorporating directly in the one-electron 
Hamiltonian the magnetic field, the (parabolic) confining potential, and the Hall field, lead 
to an eigenfunction suitable for the calculations. It showed explicitly the cancellation in 
the product of the velocity with the quasi-one-dimensional density of states in the current 
carried by a channel or mode and simplified the final result. In addition, it allowed the 
consideration of tilted magnetic fields (in the (x,z) plane) and of the electron-electron in- 
teraction in a mean-field or Hartree sense since the Hall field was taken constant across the 
width whereas it is not since its value near the edges is different than that in the main part 



of the sample [T3|. The last two aspects, limit ii) of Eq. (66), and Eq. (61) for the charac- 
teristic time are missing from other expressions for the magnetoconductance |3|,3,P1,|18| . The 
most common general formula reads G mn (e) = (q 2 /h)J2 e ac \^mn,ac\ 2 , where t mn ^ c is the 
transmission coefficient between channel a in terminal m and channel c in terminal n. This 
formula applies to a multiterminal configuration and two-probe measurements |7J whereas 
ours applies to a two-terminal configuration. 
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FIG. 1. A quasi-one-dimensional conductor, connected to left (L) and right (R) reservoirs in 
the presence of crossed electric and a magnetic fields. The length of the conductor is L. The solid 
dots represent random scattering centers. 
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